Single cholinergic channel currents were recorded in adult human muscle tissue culture. The agonists suberyldicholine and carbamylcholine produce channels with the same conductance as channels produced by acetylcholine but with different closing kinetics. The antagonist tubocurarine, alone or mixed with suberyldicholine, activates channels which close very rapidly. For agonistactivated channels, the distribution of open state lifetimes shows deviations from the usual single exponential form. An excess of short duration openings indicates the presence of an additional faster kinetic process. The lifetime distribution data can be interpreted in terms of varying proportions of slow and fast components which are present in a ratio determined by curve-fitting the appropriate two-exponential function to observed open time distributions. This ratio shows great variability in muscle from older cultures, but the fast and slow time constants are relatively constant. The observation of double exponential open time distributions indicates that the mechanism of channel closing is more complicated than earlier evidence indicated.
The prospects for electrophysiological study of adult human muscle have improved considerably as a result of the development of procedures for growing human muscle in tissue culture. Myotubes derived from the satellite cells of human muscle biopsies can be penetrated by microelectrodes; studies of the electrical properties of these cells have been presented (Tahmoush et al., 1980) . The acetylcholine sensitivity of tissue-and organ-cultured human muscle has been examined using noise analysis to estimate the basic properties of acetylcholineactivated ionic channels (Bevan et al., 1978; Cull-Candy et al., 1979) . Cultured rat and chick myotubes are sensitive to acetylcholine, and direct observation of individual channel currents with an extracellular patch electrode provides more detail at the molecular level about the nature of this response Nelson and Sachs, 1979) . The patch electrode technique for recording single channel currents was developed by Neher and Sakmann (1976) and is applicable to a wide range of systems (Hamill et al., 1981) . Applying this technique to adult human muscle culture, we found that the unitary acetylcholine receptor channel properties are similar to those found in cultured rat muscle using the same technique . In the present studies, we have examined the response of aneurally cultured human muscle to three agonists, acetylcholine, suberyldicholine, and carbamylcholine, during different stages of development. We also have studied the response to tubocurarine, which normally acts as an antagonist but has been shown to have limited agonist-like activity in embryonic cells (Ziskind and Dennis, 1978; Morris et al., 1982) . A preliminary account of this work has been presented (Jackson et al., 1980) .
Stepwise changes in membrane current indicate the occurrence of opening and closing transitions of ionic channels activated by the binding interaction between agonist and receptor. The kinetic mechanisms of these transitions can be expressed in terms of the probabilities of state lifetimes; thus, single channel data, in the form of lifetime distributions, can be used to explore channel gating in great detail. Recent studies have directed attention to fast openings and closings with the indication that the gating of chemically activated channels is more complex than previously thought (Colquhoun and Sakmann, 1981; Cull-Candy and Parker, 1982; Gration et al., 1982; . In this study, we examine the rapid openings more fully with an emphasis on variability and development.
Materials and Methods
Tissue cultures of adult human muscle were prepared from muscle biopsies according to previously described techniques (Askanas and Engel, 1975) . The cultures used in the present studies were derived from muscle biopsies of patients who, after all diagnostic studies were performed, were found not to have a neuromuscular disease. Living cultures were examined every day under phase contrast microscopy. Fusion of myoblasts took place 10 to 14 days after initiation of the cultures, and after 21 days, many long and rounded muscle fibers with bright halos in phase contrast microscopy were observed. Since such fibers are very suitable for microelectrode studies (Tahmoush et al., 1980) , cultures between 21 and 48 days of age, containing numerous fibers judged to be optimal from their appearance, were used for the recording of single cholinergic receptor channel currents.
Cultures were transferred to HEPES-buffered Earle's saline for electrophysiological study. Single channel current recordings were made at room temperature (21 to 23°C) according to established procedures (Neher and Sakmann, 1976; Sigworth and Neher, 1980; Hamill et al., 1981) . Membrane potential was recorded with a microelectrode filled with 4 M potassium acetate. The membrane potential was varied by current injection using a second intracellular microelectrode. All recordings were made with holding potentials between -90 and -100 mV. Two-to 5-megohm patch electrodes were filled with dilute solutions of various agonists in the same saline used to bath the cells. Patch electrodes were pressed against the muscle cell surface to form seals with resistances of 30 to 50 megohms. The 4-to 5-pA channel current pulses were easily seen under these conditions, although the signal-to-noise ratio was improved further on occasion by the application of gentle suction through the electrode holder to increase the seal resistance to values in excess of 1000 megohms (Sigworth and Neher, 1980) . Channel currents and lifetimes were analyzed individually with the aid of a computer program which scanned digitized records for discontinuities. Events were displayed and examined visually, with pointers indicating the beginning and end of the event as well as the base line and average current while open. The duration and amplitude of each event were computed and stored in a file for further statistical analysis.
A major consideration in the work to be reported is the limitation imposed by the bandwidth of the recording system. With a bandwidth of 1 kHz, the rise time for the observed pulses is 160 psec. For pulses of less than 700 psec duration, there is a significant loss of detection efficiency and consequent uncertainty in determining fast kinetic components. Figure 1C shows typical fast channel openings. The figure illustrates the limiting resolution in our duration measurements.
Results
Agonist-activated channels. Suberyldicholine and acetylcholine (0.1 to 0.2 pM solutions) and carbamylcholine (0.5 pM solutions) usually produced channel currents at a frequency ideal for analysis, such that the overlap of C Figure 1 . Cultured muscle was bathed in HEPES-buffered Earle's saline at 21 to 23°C. Myotubes were impaled with two intracellular electrodes and hyperpolarized to -90 and -100 mV. Two-to 5-megohm patch electrodes were filled with saline containing (A) 0.1 pM acetylcholine, (B) 0.1 pM suberyldicholine, or (C) 0.5 pM carbamylcholine. The patch electrodes typically formed 30-to 50-megohm seals (A), but occasionally, the seal resistance jumped to values in excess of 1000 megohms (B and C). Vertical scale bar, 20 pA; horizontal scale bar, 205 msec. The first trace of C has a 6.4-and a l.l-msec event. The next trace has events of 1.5, 2.1, and 3.7 msec. The first two events of the fifth trace of C are visibly filtered and are only 0.6 and 0.8 msec. Thus, we see how the instrumental response time limits the efficiency of detection as the events are filtered down to the noise level. current from different channels was minimal. The relatively uniform frequency of channel events in human muscle cultures can be contrasted with rat muscle cultures where 0.02 to 1.0 PM solutions of suberyldicholine often produced channel events of acceptable frequency for analysis (M. B. Jackson, C. E. Morris, B. S. Wong, and H. Lecar, unpublished observation) and large variations in event frequency were encountered for a given concentration of agonist . These kinds of interspecific variations were established by using a-bungarotoxin-labeling techniques to localize the receptor visually (Askanas et al., 1977) . In contrast to rat and chick muscle, the distribution of a-bungarotoxin stain in human muscle was thinner and very uniform without foci of increased staining. Carbamylcholine and suberyldicholine both mimic the action of the transmitter acetylcholine. Sample current records are shown in Figure 1 . The rectangular downward pulses are approximately 4 to 5 pA in amplitude. The distributions of amplitudes typically have standard deviations of about 0.5 pA. The channel conductance is obtained by averaging many single channel currents and dividing by the holding potential which was always between -90 and -100 mV. The reversal potential was assumed to be 0 mV. The conductances obtained for the three different agonists are not significantly different from each other ( Table I) .
The kinetics of channel closing can be characterized by studying the distribution of channel open times. For the simplest picture of a channel that closes at random with no memory of its initial opening, one would expect the open state lifetimes to be distributed exponentially. Consequently, it is convenient to plot the histogram of durations semilogarithmically. Figure 2 shows semilog plots of the density of events with durations within a given time interval centered at time t and plotted as a function of t. From plots such as those of Figure 2 , it can be seen that, although the kinetics of closing is not simple, on the average, open times vary in the decreasing order: suberyldicholine, acetylcholine, and carbamylcholine.
One new aspect of channel behavior observed in these experiments is a departure from a single exponential distribution at short times. Thus, in Figure 2 Open state lifetime probability densities for channels activated by (a) acetylcholine (b) suberyldicholine, and (c) carbamylcholine. The solid curues of a and b are best fitting sums of two exponential functions. The solid curue of c is a single exponential function. To obtain these plots, histograms were made with a variable bin width, where the number of events in larger or smaller intervals (N(T)) was normalized to give the number of events per msec, and the resultant point was placed at the center of the time interval. The theoretical curves were obtained by least square fits to the points. The average values of these parameters for improvement is observed in the quality of the fit. The each agonist are presented in Table I . Even in the best solid curves in Figure 2 , a and b, are the best fitting sums experiments, bandwidth limitations and noise make it of the two exponential functions.
The distinct upward difficult to estimate the frequency of channel events swing in these distributions and their apparent two-exreliably when open state lifetimes are less than about 0.6 ponential shape suggest a new form of complexity in the msec. As a result, the fast component of the distribution kinetics of channel closing. Such deviations from simple is sometimes difficult or impossible to see with the presfirst order kinetics have now been reported in several ent detection system. Agonists which produce longer preparations (Rang, 1981; Dionne and Parsons, 1981;  component. Hence, the fast component is easily seen with suberyldicholine and acetylcholine but is difficult to see with carbamylcholine.
In order to observe a large fraction of the events, the response time of the recording system must be shorter than the relaxation time of the process that generates the transitions. With suberyldicholine, the short events, which constitute the fast component, had a mean open time (as determined from two-exponential function curve fits) of 0.8 msec (Table I ). This value is longer than our recording response time. Faster processes analyzed in this study approach the recording response time, but since, with exponential distributions, there are events of longer duration than the mean, it is still possible for us to infer the presence of a fast process. The critical test is that the recording system cutoff time must be shorter than the longest time at which the fast process appears in the distribution. The clear upward swing in nearly all of the suberyldicholine channel open time distributions is usually evident at times of the order of 2 msec or more and suggests the presence of a distinct additional fast process.
Actions of tubocurarine.
Although tubocurarine is a classical antagonist of the nicotinic cholinergic response (Jenkinson, 1960) , it has been shown to activate cholinergic channels in cultured and in embryonic rat muscle (Ziskind and Dennis, 1978; Morris et al., 1982) . We find that tubocurarine also activates acetylcholine channels in cultured adult human muscle. With tubocurarine alone in the patch electrode, very short-lived channel currents are produced (Fig. 3, A and B) . Because of the uniformity of receptor density in this preparation (Askanas et al., 1977) , the frequency of events was reasonably constant for a fixed concentration of channel-activating agent. The frequency of tubocurarine-induced events varies with concentration as illustrated in Figure 3 , A and B, where the concentrations were 10 and 1 PM, respectively. The infrequent tubocurarine-induced events seen at 1 pM concentration ( Fig. 3B) are to be contrasted with the results obtained for a mixture of 1 pM tubocurarine and 0.2 PM suberyldicholine (Fig. 3C ). The channels produced by the mixture are too frequent to be activated by tubocurarine alone and too fast to be activated by suberyldicholine alone. This implies that one drug modifies the response of the receptor to the other. Figure 30 shows that tubocurarine alone produces a distribution which is exponential and has a time constant of 0.4 msec.
The mixture (Fig. 3E ) produces a distribution dominated by one exponential function but with a very small excess of longer duration events which cause the distribution to deviate noticeably from a single exponential function.
There were so few events at longer times that a sum of two exponential functions did not improve the quality of the fit, nor did it change the time constant of the fast component from a value of 0.6 msec.
It is difficult to determine the conductance when the openings are so fast. The values obtained from these data indicate that the conductance approaches the conductance of agonist-activated channels. Better data from rat muscle gives a conductance for tubocurarine-activated channels which is within a few percent of the conductance values obtained with agonists (Morris et al., 1982) .
Tubocurarine is reported to have two actions at the neuromuscular junction, one of which is an interaction with the open state of the channel (Colquhoun et al., 1979; Manalis, 1977) . The observation that the channel currents produced by the suberyldicholine/tubocurarine mixture have shorter lifetimes is consistent with tubocurarine blocking the channel after it opens. However, another possibility is that two agonist molecules binding to separate sites cause open states to have different lifetimes, depending upon which sites are occupied. Thus, a mixture of curare and suberyldicholine may have at least three separate lifetimes corresponding to the binding of two tubocararine molecules, two suberyldicholine molecules, or the mixed state. A more thorough study should permit a rigorous discrimination between different models as was accomplished with local anesthetics (Neher and Steinbach, 1978) .
The variability of channel properties. The upward swing, or fast component, in the distribution of suberyldicholine channel open times was seen frequently, but there was still a great deal of variability as is illustrated in Figure 4 . The data are analyzed to give the number of events which have open times within an interval normalized to 1 msec. This is closely proportional to the integral of the probability density function over the time interval taken and can be used as an experimental estimate of probability density. Thus, the data are fit to the function N(t) = Nse-% + N,e-"7 (1) where Tf and rs are the time constants for the fast and slow components, respectively, and N, and Nf are the amplitudes of the intercepts of the individual curves with the zero time axis. Nf and N, thus are interpreted as the extrapolated (e) numbers of events with zero duration.
The relative areas, n, and nf, under the two exponential functions of this empirical density function are obtained by integrating equation 1 to yield the expressions n, = Nsrr and nf = Npf (2) In order to develop a kinetic interpretation of equation 1, data from different membrane patches were examined to see how rs and rfvary from patch to patch. The general trend of the data suggests that the time constant values are relatively invariant but that the relative proportion of the two components varies from patch to patch. Thus, we can use parameters from the two-time constant fit to summarize the variability in terms of the ratio R = n,/(n, + nf) (3) This quantity is the fraction of all events that are slow. Exemplary results are shown in Figure 4 and the parameters derived from the fits are summarized in Figure 5 . If the distribution has no upswing but is linear with a slope of -l/~~, then R is 1. This is nearly the case with Figure   4a . On the other hand, with R = 0, there should be one exponential function with a slope of -l/Tf. This is illustrated in Figure 4~ unique but varies from cell to cell and even from patch to patch in one cell.
In these experiments, we were able to observe agonistinduced current fluctuations caused by single ionic channels. From the single channel currents, it is possible to obtain precise values of the unit conductance and of various kinetic parameters of the gating transitions, such as the closing rates of the open state in the presence of different agonists. The conductance obtained in this study shows nearly quantitative similarity with the value obtained from single channel measurements of embryonic rat muscle Horn and Patlak, 1980) . Qualitative similarities in channel closing kinetics are also evident ; M. B. Jackson, B. S. Wong, C. E. Morris, H. Lecar, and C. N. Christian, submitted for publication).
In most of our experiments, a short duration component appears in the channel open time distribution. Such short duration openings would not contribute appreciably to channel-induced noise as is exemplified in the spectra of earlier noise studies (Bevan et al., 1978; CullCandy et al., 1979) . The same amount of power generated by the fast process is spread over a much broader range of frequency, with a power per unit of bandwidth which is then too small in amplitude to detect. For example, at low frequency, channels with a 1-msec mean open time generate 1% of the power per unit of bandwidth that the same number of channels would generate if they were opening with the same rate but with a lo-msec mean open time .
The appearance of two kinetic components has been noted in open time distributions obtained from single channel studies in several other preparations. This phenomenon has been observed in frog muscle (Colquhoun and Sakmann, 1981) and in cultured rat muscle ; M. B. Jackson, B. S. Wong, C. E. Morris, H. Lecar, and C. N. Christian, submitted for publication). GABA-activated channels in spinal cord show a similar effect . Two different laboratories report different findings on glutamate-activated channels in locust muscle. Cull-Candy and Parker (1982) see an excess of fast events and Gration et al. (1982) find them to be anomalously scarce. These various observations all have been made very recently, and with improved techniques for single channel recording (Hamill et al., 1981) , one may expect significant advances in the study of all aspects of channel-gating kinetics.
We have explored the possibility that the open state duration data can be fit by a sum of two exponential functions. This hypothesis leads to a picture of variability in which the ratio of the two components appears to vary more from patch to patch than the best fit time constants themselves. The analysis of the variable channel kinetics in terms of the relative density of two kinetic components was motivated by the reports of two distinct populations of \cetylcholine receptor channels (Fambrough, 1979) . More rapidly closing channels with higher conductances are seen at endplates, and more slowly closing channels with lower conductances are found in other regions of the muscle. The difference between the values of of and 7, measured here is too large to correspond to the values for the junctional and extrajunctional receptors reported in the literature. The conductances of the two types of channels differ by 20 to 50% in the various reports. We could not detect any significant variation in channel conductance that correlates with open state lifetime. In only one experiment was the average current of the faster channels larger than the average current of the slower channels. In all experiments, the channel current was within 0.3 pA of the mean for all values of open state lifetime (provided that the duration is long enough so that current is unaffected by bandwidth). This result is illustrated in Figure 5 where y is plotted versus R. The lower values of y for two experiments with R near 0 are a consequence of the difficulty of measuring the conductance of fast channels. Within the limits set by the intrinsic experimental variability, none of these quantities undergoes any significant variation in concert with the variation in R.
A hypothesis of two populations of channels is by no means the only possible interpretation of such variable kinetic behavior. Even a single population of channels can obey some non-first order transition scheme and produce open time distributions which are a sum of two exponential functions (Colquhoun and Hawkes, 1981) . One example of a complex process which would explain the two-time constant data as well as the tubocurarine/ suberyldicholine interactions is the notion that channels can be opened by the binding of one or two agonist molecules to the receptor and that these two distinct open states have different lifetimes (Colquhoun and Sakmann, 1981; Cull-Candy and Parker, 1982) . The alternative that the two processes also could reflect the distribution of one kind of receptor between two very slowly interconverting activable states is still another possibility which is difficult to distinguish from the two populations hypothesis both in principle and in practice. When the receptor density is low, as is the case with locust muscle, and recordings are made from a patch of membrane containing only one channel, the two populations hypothesis can be eliminated (Cull-Candy and Parker, 1982) .
The cultures can be maintained for several weeks with morphological changes occurring during that time (Askanas and Engel, 1975) . Of the kinetic parameters, R is the quantity which shows the greatest variability; hence, we tested for systemic variation of this parameter with the age of the culture. The solid circles of Figure 6 show the results. If there is a trend evident, five younger cultures (3 to 4 weeks) had R values clustered at about 0.7. Older cultures show no trend at all but are spread over the full range of possible values of R. The crosses in Figure 6 show the results of three experiments on one culture which underwent morphological differentiation much earlier than is typical. In all of the other cultures, fusion of satellite cells occurred late in the 2nd week, but in this culture, fusion occurred after only 1 week. Thus, the spread in R values for this culture correlates with 7-. to be activated by tubocurarine (Ziskind and Dennis, 1978; Morris et al., 1982) . It is interesting to find that muscle fibers derived from the satellite cells of adult human muscle have a form of chemosensitivity expressed by rat muscle in an embryonic state of development. The unusual effects of tubocurarine on a rat muscle cell line (L6) may indicate additional developmental diversity (Gartner et al., 1976) .
Many studies indicate that the developmental state of muscle has a profound effect on the acetylcholine receptor-channel complex (Sakmann and Brenner, 1978; Fischbath and Schuetze, 1980; Kullberg et al., 1981; Fambrough, 1979) . Receptors at the endplate, in denervated supersensitive muscle, and in embryonic muscle exhibit unique properties. The effort made here to identify molecular details with a sensitive channel probe may be of value when attempting to use tissue-cultured muscle to explore these phenomena further. Each aspect of the acetylcholine receptor channel can be studied following a host of developmental manipulations, such as innervation (Fischbach and Cohen, 1973) or treatment with neural factors (Podleski et al., 1978; Christian et al., 1978; Kuromi and Hasegowa, 1975) . The present study also offers the prospect of research into the pathology of muscle, since the channel conductance, closing kinetics, pharmacology, and development all can be explored in cultures of muscle from patients with different forms of muscular dystrophy and myotonic atrophy, where membrane abnormalities may occur.
